Abstract Gravity places considerable stress on the cardiovascular system but cerebral autoregulation usually protects the cerebral blood vessels from fluctuations in blood pressure. However, in conditions such as those encountered on board a high-performance aircraft, the gravitational stress is constantly changing and might compromise cerebral autoregulation. In this study we assessed the effect of oscillating orthostatic stress on cerebral autoregulation. Sixteen (eight male) healthy subjects [aged 27 (1) years] were exposed to steady-state lower body negative pressure (LBNP) at )15 and )40 mmHg and then to oscillating LBNP at the same pressures. The oscillatory LBNP was applied at 0.1 and 0.2 Hz. We made continuous recordings of RR-interval, blood pressure, cerebral blood flow velocity (CBFV), respiratory frequency and end-tidal CO 2 . Oscillations in mean arterial pressure (MAP) and CBFV were assessed by autoregressive spectral analysis. Respiration was paced at 0.25 Hz to avoid interference from breathing. Steady-state LBNP at )40 mmHg significantly increased low-frequency (LF, 0.03-0.14 Hz) powers of MAP (P<0.01) but not of CBFV. Oscillatory 0.1 Hz LBNP (0 to )40 mmHg) significantly increased the LF power of MAP to a similar level as steady-state LBNP but also resulted in a significant increase in the LF power of CBFV (P<0.01). Oscillatory LBNP at 0.2 Hz induced oscillations in MAP and CBFV at 0.2 Hz. Cross-spectral analysis showed that the transfer of LBNP-induced oscillations in MAP onto the CBFV was significantly greater at 0.2 Hz than at 0.1 Hz (P<0.01). These results show that the ability of the cerebral vessels to modulate fluctuations in blood pressure is compromised during oscillatory compared with constant gravitational stress. Furthermore, this effect seems to be more pronounced at higher frequencies of oscillatory stress.
Introduction
Cerebral autoregulation is the phenomenon by which cerebral blood flow remains near-constant despite changes in systemic blood pressure, provided that mean blood pressure remains within certain limits, usually 50-150 mmHg (Aaslid et al. 1989) . The characteristics of cerebral autoregulation have been studied during a variety of stimulations including deep breathing (Diehl et al. 1995) , the Valsalva manoeuvre (Tiecks et al. 1996) , thigh cuff deflation (Aaslid et al. 1989) , head-down tilting (Heckmann et al. 1999) , ergometric exercise (Heckmann et al. 2000) , orthostatic stress (Carey et al. 2001; Lipsitz et al. 2000) and squatting (Birch et al. 1995) .
Gravity places considerable stress on the cardiovascular system due to the sequestration of blood to the lower part of the body (Brown and Hainsworth 1999) . During steady-state orthostasis, there is a sympathetically mediated increase in the power of low-frequency (LF, 0.03-0.14 Hz) oscillations in blood pressure (Cooke et al. 1999 ) that is not transferred onto the cerebral blood flow (Lipsitz et al. 2000) , confirming the integrity of cerebral autoregulation. However, stimuli such as repetitive squatting or tilting can induce large oscillations in cerebral blood flow (Birch et al. 1995; might respond differently to periodical rather than steady-state orthostatic stress. This could be of importance in situations where there are sudden, rapid changes in gravitational stress such as those encountered on board a high-performance aircraft (''push-pull'' effect). Rapidly alternating gravitational stress increases the risk of syncope compared to steady-state gravitational stress (Banks et al. 1994 ) and might be a contributing factor to G-induced loss of consciousness (G-LOC) in aviators. After repeated exposure to micro-and hypergravity induced by parabolic flight, there is a reduction in cerebral blood flow with a higher risk of syncope (Schlegel et al. 2001; Serrador et al. 2000b ). However, the response of the cerebral blood vessels to blood pressure fluctuations during alternating gravitational stress at different frequencies is not yet clear.
Therefore, the aim of our study was to assess the effects of periodical gravitational stress on the regulation of cerebral blood flow velocity. We simulated gravitational stress by application of oscillatory lower body negative pressure (LBNP). To determine whether the frequency of the alternating gravitational stress influences autoregulation, we compared the effects of LBNP at 0.1 Hz (6 cycles/min) and 0.2 Hz (12 cycles/min). Responses of cerebral blood flow during oscillating LBNP were also compared with those during steady-state LBNP.
Methods

Subjects
Sixteen healthy young adults (eight male) aged 25-30 years [mean 27 (1) years] participated in the study. None had any history of cardiovascular or neurological disorders, and none was taking any medication. All the participants were asked to refrain from caffeine on the day of the experimental procedures and to eat nothing for at least 3 h before the tests. The mean height of the subjects was 176 (3) cm and their weight was 72 (3) kg. Informed consent was obtained from each subject and the procedures received approval from the local ethics committee.
Procedures
Studies were performed during steady-state LBNP at )15 and )40 mmHg, then during oscillating 0.1 and 0.2 Hz LBNP. The oscillating LBNP was applied at two levels: 0 to )15 mmHg and 0 to )40 mmHg.
All measurements were performed with the subjects lying in a supine position with their lower body enclosed in an LBNP chamber with footboard support, sealed at the level of the iliac crests. Pressure within the chamber was monitored and recorded by a pressure transducer (Hugo-Sachs Elektronik, March, Germany) and could be lowered with a variable vacuum pump. After at least 40 min of supine rest to allow for cardiovascular stability, 4-minlong recordings were made during steady-state LBNP applied at 0, )15 and )40 mmHg.
Following an interval of at least 15 min, 4-min-long recordings were made during LBNP of 0 mmHg (baseline), oscillating lowlevel LBNP (0 to )15 mmHg) at 0.1 Hz and 0.2 Hz, then during oscillating high-level LBNP (0 to )40 mmHg) at 0.1 Hz and 0.2 Hz. The oscillatory LBNP was accomplished by a control unit regulating an on-off vacuum system resulting in a pressure wave as shown in Fig. 1 .
Throughout testing, breathing was paced at 0.25 Hz (15 breaths/min) by combined auditory and visual stimuli. The respiratory rate of 0.25 Hz was chosen to ensure that blood pres- Fig. 1 Example of time series of mean arterial pressure (MAP), cerebral blood flow velocity (CBFV) and pressure within the lowerbody negative presssure (LBNP) chamber from one subject during baseline and oscillating LBNP (0 to )40 mmHg) at 0.1 and 0.2 Hz sure fluctuations in the low-frequency range or at the LBNP stimulation frequencies were not influenced by the mechanical effects of breathing. Prior to the procedures, each subject was trained in pacing their breathing at 0.25 Hz, trying to avoid hyperventilation. End-tidal CO 2 (PETCO 2 ) was monitored online by an investigator and the subject was subsequently instructed to alter his/her depth of breathing accordingly.
We continuously recorded RR-intervals (5-lead ECG) and blood pressure by non-invasive radial arterial tonometry (ColinPilot, Colin Medical, San Antonio, Tex., USA). Respiration was monitored by electrical inductance plethysmography (Respitrace Calibrator, Ambulatory Monitoring, Ardsley, N.Y., USA). Cerebral blood flow velocity (CBFV) was measured using transcranial Doppler ultrasonography (Multidop X4, DWL, Sipplingen, Germany). The left or right middle cerebral artery was insonated at a depth of 35-55 mm using a 2 MHz probe, and the probe was fixed in place with a headband. Beat-to-beat values of systolic, diastolic and mean velocity were recorded. Expiratory air was sampled via a nasal cannula and end-tidal CO 2 measured by infrared absorption (Colin-Pilot, Colin Medical, San Antonio, Tex., USA).
Data acquisition and analysis
Data were digitized by an analogue-to-digital converter at a sampling rate of 300 Hz and fed to a Macintosh PowerBook computer (Apple, USA). A computer program identified all the QRS complexes in each sequence and then located the peak of each R wave. Time series were obtained of RR-intervals, blood pressure (systolic, diastolic and mean), CBFV (systolic, diastolic and mean), respiration, PETCO 2 and pressures within the LBNP chamber.
Fluctuations in the recorded signals were characterized by autoregressive power spectrum analysis, which allows for identification of the frequencies and powers of the relevant oscillations with relatively small amounts of data (Bernardi et al. 1995; Brown et al. 2002) . We considered oscillations in the low-frequency (LF, 0.03-0.14 Hz) and high-frequency (HF, 0.15-0.40 Hz) bands. We assessed the oscillatory components corresponding to the frequencies of oscillatory LBNP as the area under the spectral curve that was centered at the frequency of stimulation (0.10 or 0.20 Hz) (Bernardi et al. 1995) . We applied a model order of 12 for recordings made during the steady-state and 0.1 Hz oscillatory LBNP. For analysis of the 0.2 Hz LBNP we applied a model order of 20 to distinguish between the LBNP-induced cardiovascular oscillations at 0.2 Hz and the breathing-induced oscillations at 0.25 Hz.
To assess the transmission of oscillations in MAP onto the CBFV during oscillatory LBNP we used cross-spectral analysis, which allows for comparison of pairs of oscillating signals. The coherence function ranges from 0 to 1 and refers to the amount of linear coupling between two oscillations. Coherence values >0.5 are considered significant (Bernardi et al. 1995) . To assess the transfer of MAP oscillations onto the CBFV, we calculated the MAP-CBFV gain as the square root of the ratio of the power of CBFV oscillations to the power of MAP oscillations, at the relevant frequency. This gives a value in cmAEs )1 mmHg )1 and is analogous to the alpha-index that is frequently used to assess baroreflex sensitivity (Pitzalis et al. 1998 ). In addition, we assessed the phase relation between oscillations in MAP and CBFV. The phase relation was expressed in radians with a positive value indicating that MAP leads CBFV and a negative value indicating that CBFV leads MAP.
Statistical analysis
All values reported are means (SEM), unless otherwise stated. Time-domain and frequency-domain responses to each level of LBNP were evaluated using the non-parametric Friedman test ANOVA with Dunn post-hoc analysis where a significant P-value was found. Comparison of cerebral autoregulation during 0.1 Hz and 0.2 Hz LBNP was made by Wilcoxin test. P values <0.05 were considered statistically significant.
Results
Steady-state LBNP
Mean cardiovascular variables and their spectral characteristics recorded during steady-state LBNP are summarized in Table 1 . LBNP at )15 and )40 mmHg resulted in significantly increased mean and diastolic blood pressures (P<0.01) from baseline values, but decreased systolic and mean CBFV (P<0.01). RR-interval 35.5 (0.9) 35.0 (1.1) 31.7 (0.9)** was significantly decreased (P<0.01) during )40 mmHg but not )15 mmHg LBNP. PETCO 2 was significantly decreased at the )40 mmHg LBNP level compared to baseline. LBNP at )40 mmHg significantly increased (P<0.01) the LF (0.03-0.14 Hz) power of blood pressure (systolic, diastolic and mean) but did not significantly change the LF power of CBFV.
Oscillating (0.1 Hz) LBNP Figure 1 shows an example of a time-series of MAP and CBFV recorded during baseline, 0.1 Hz LBNP and 0.2 Hz LBNP (0 to )40 mmHg). Mean RR-intervals, blood pressures and cerebral blood velocities with their spectral characteristics recorded during 0.1 Hz oscillating LBNP are summarized in Table 2 . Oscillating LBNP significantly increased (P<0.05) blood pressure and decreased (P<0.01) CBFV. Mean RR-intervals were unaffected by the 0 to )15 mmHg LBNP oscillations at 0.1 Hz but were significantly (P<0.01) decreased by the 0 to )40 mmHg LBNP stimulation. When the 0 to )40 mmHg oscillatory stimulus was applied, PETCO 2 was 33 (1.2) mmHg during the LBNP ''off'' periods but decreased to 30.0 (1.0) mmHg during the )40 LBNP ''on'' periods. PETCO 2 did not oscillate during the 0 to )15 mmHg LBNP application.
Oscillating 0.1 Hz LBNP at 0 to )15 mmHg significantly increased (P<0.05) the LF powers of RR-interval, diastolic and mean blood pressures, but did not significantly change the LF powers of CBFV. However, oscillating 0.1 Hz LBNP at 0 to )40 mmHg resulted in significant increases (P<0.01) in the LF power of systolic, diastolic and mean blood pressures, and in systolic, diastolic and mean CBFV. Spectral analysis confirmed that each subjectÕs respiration rate remained at 0.25 Hz throughout the LBNP stimulations.
We compared responses during oscillating LBNP at 0.1 Hz with responses obtained during steady-state LBNP at the same level (Fig. 2) . Low-and high-frequency oscillations in mean blood pressure were not significantly different during oscillatory compared with steady-state LBNP. However, the LF oscillations in CBFV were significantly enhanced during 0.1 Hz oscillatory compared with steady-state LBNP.
Oscillating (0.2 Hz) LBNP Oscillating 0.2 Hz LBNP induced 0.2 Hz oscillations in RR-interval, systolic, diastolic and mean blood pressures, and systolic, diastolic and mean cerebral blood flow velocities. These oscillations were distinct from the breathing-induced oscillations at 0.25 Hz. The powers of the LBNP-induced 0.2 Hz oscillations are summarized in Table 3 . The 0.2 Hz oscillations in blood pressure and CBFV were significantly enhanced (P<0.01) when the LBNP was applied at 0 to )40 mmHg as compared with 0 to )15 mmHg.
Cross-spectral analysis
We performed a cross-spectral analysis of the LF and HF oscillations in mean CBFV and in MAP in those subjects who had significant (>0.5) coherence between these oscillations at the relevant frequency. In order to include the maximal number of subjects with sufficient coherence, we only performed the crossspectral analysis during LBNP at the )40 mmHg level (or 0 to )40 mmHg level). Table 4 shows the cross-spectral characteristics of the steady-state and the 0.1 Hz oscillatory LBNP. There was a consistently negative phase shift between MAP and CBFV (i.e. oscillations in CBFV were leading those in MAP). The MAP-CBFV gain was significantly increased during the oscillatory LBNP, indicating an enhanced transmission of LF oscillations in MAP onto the CBFV. In the HF range, the phase relation between oscillations in MAP and CBFV was close to zero, indicating that these oscillations were approximately in phase. The gain in the HF range was less during oscillating LBNP but not significantly so. Table 5 shows the results of the cross-spectral analysis during oscillating LBNP applied at 0.1 Hz compared with 0.2 Hz. Of the 16 subjects, 15 had significant coherence (>0.5) between the MAP and CBFV oscillations at the stimulating frequency during both 0.1 and 0.2 Hz oscillating at 0 to )40 mmHg. In these subjects the MAP-CBFV gain at the stimulating frequency was significantly greater (P<0.01) when the LBNP was applied at 0.2 Hz than at 0.1 Hz (Fig. 3) . 
Discussion
We found that cerebral autoregulation remains intact during steady-state orthostasis. However, when the stress is oscillatory, there is a reduction of the ability of the cerebral vessels to buffer fluctuations in perfusion pressure gradient and, possibly, PCO 2 . Furthermore, this effect seems to be enhanced when the frequency of the oscillatory stress is increased. LBNP is associated with pooling of blood to the legs (Brown and Hainsworth 1999) and subsequent reductions in stroke volume and cardiac output (Baisch et al. 2000) . Compensatory mechanisms mainly involve an increase in total peripheral vascular resistance (Brown and Hainsworth 2000) that is mediated by enhanced sympathetic outflow (Kimmerly and Shoemaker 2002; Levine et al. 2002) . As in other studies (Cooke et al. 1999; Gulli et al. 2001) , we found that MAP was well maintained during the steady-state orthostatic stress, with no change in the LF power of RR-interval oscillations but with an increase in the power of LF spontaneous blood pressure oscillations. The enhanced blood pressure oscillations were not transmitted onto the cerebral circulation, indicating that autoregulation protects the cerebral vessels from sympathetically mediated perturbations in blood pressure.
However, steady-state orthostasis is not a realistic simulation of the stresses encountered, for example, in a high performance aircraft where the gravitational forces might change rapidly. Therefore, we applied oscillatory LBNP to better replicate these stresses and to evaluate the regulation of cerebral blood flow when gravitational stress is applied at different frequencies. Oscillatory 0.1 Hz LBNP increased the power LF oscillations in MAP, but not by more than steady-state LBNP at the same level. This result demonstrates the importance of the arterial baroreflexes, which are most effective at regulating blood pressure when stimulated at around 0.1 Hz (Bernardi et al. 1997) . Presumably, the 0.1 Hz LBNP oscillations were counteracted to some extent by baroreflex-mediated adjustments of vascular resistance. However, steady-state and oscillatory LBNP had considerably different effects on CBFV. LBNP at 0.1 Hz applied at 0 to )40 mmHg induced a significant increase in the magnitude of LF oscillations in CBFV whereas constant LBNP at )40 mmHg did not. This effect was also manifested by an increase in the MAP-CBFV gain during oscillatory LBNP. These findings suggest a deterioration of cerebral autoregulation during oscillatory compared to steady-state LBNP.
As in other studies (Cencetti et al. 1999; Diehl et al. 1995; Hughson et al. 2001) , we found that the CBFV oscillations led the oscillations in blood pressure. This phase-relation can be explained by the time-lag by which cerebrovascular resistance responds to changes in cerebral perfusion pressure (Hughson et al. 2001) . Our finding that there was no difference in the MAP-CBFV phase shift during 0.1 Hz oscillatory compared with steady-state LBNP suggests no change in the timecourse of the autoregulatory response despite the reduced buffering ability of the cerebral vessels during oscillatory LBNP.
The higher gain of MAP oscillations onto the CBFV during 0.2 Hz oscillatory LBNP suggests that the buffering ability of the cerebral vessels is even more impaired during HF fluctuations in blood pressure. This concept is also supported by the large gain of HF breathing-induced oscillations onto the CBFV. Our study confirms that externally induced HF MAP oscillations by LBNP are similarly imposed onto the CBFV. These findings are therefore consistent with the hypothesis that cerebral autoregulation acts as a highpass filter, whereby LF oscillations in blood pressure are buffered but HF oscillations (>0.15 Hz) are more readily transferred onto the cerebral vessels (Diehl et al. 1995) . Hughson et al (2001) showed that cyclical changes in cerebral perfusion pressure, elicited by repeated headup tilting at 0.1 Hz, were followed by changes in cerebrovascular resistance in order to maintain CBFV near-constant. We assume that even faster oscillations in blood pressure, in the HF range, are too rapid for adjustment of the cerebrovascular resistance. The mechanisms behind these autoregulatory mechanisms remain a matter for speculation but are probably a combination of metabolic, myogenic and neurohormonal factors (Faraci and Heistad 1998; Olesen 1972) .
A limitation of our study is that we did not replicate a true ''push-pull'' effect such as that experienced on board a high-performance aircraft because we only simulated +Gz by LBNP, rather than variation between +Gz and )Gz. Although our results do show the effects of different stimulating frequencies on cerebral autoregulation, further studies might be necessary to give a greater insight into the complete push-pull effect.
Another methodological point concerns the use of transcranial Doppler for measurements of cerebral blood flow. The assumption that changes in CFBV reflect changes in cerebral blood flow depends on the diameter of the insonated portion of the mid-cerebral artery remaining constant. There is ample evidence that the diameter of the mid-cerebral artery does not change during rapid alterations in arterial pressure (Newell et al. 1994 ) and during LBNP (Serrador et al. 2000a) . We are therefore confident that the changes in CBFV that we measured reflect actual changes in cerebral blood velocity and were not influenced by changes in the diameter of the insonated artery.
We must also consider that there are two other potential mechanisms that could influence the interpretation of the current data. Firstly, a decrease in CO 2 during orthostasis has been observed before (Cencetti et al. 1997; Hughson et al. 2001; Serrador et al. 2000b) and might be attributed to changes in the ventilationperfusion ratio at the lung (Cencetti et al. 1997) . The fluctuations in CO 2 that we found during the oscillating LBNP might have contributed to an increased gain of blood pressure oscillations onto the CBFV. However, the time-constant for CO 2 reactivity on the cerebral vasculature is around 20 s (Ursino and Lodi 1998) . Neither can we exclude that our CBFV results could also have been influenced by changes in venous pressure. This factor might be important because CBFV is also a function of the arterial-venous pressure gradient. It is likely that the LBNP oscillations also induced an oscillation in venous pressure thus altering the cerebral perfusion pressure gradient. During orthostasis, the cerebral vessels might be held open due to their containment in the cerebral sinuses and thereby act as a ''siphon'' which decreases venous pressure and potentially maintains perfusion pressure (Gauer and Thron 1965) .
Summary
Although the cerebral vessels can dampen physiological LF blood pressure fluctuations during steady-state orthostasis, this modulation is reduced when the orthostatic stress is fluctuating. Furthermore, this effect becomes even more pronounced at higher frequencies of orthostatic stress oscillations. These findings could therefore be of relevance in situations where the fluctuations in gravitational forces might be large enough to induce syncope. While our results might be explained by the traditional concepts of cerebral autoregulation, other factors such as changes in arterial PCO 2 require further study.
